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Abstract
The insulin/IGF-like signalling (IIS) pathway has diverse functions in all multicellular organisms, including determination of
lifespan. The seven insulin-like peptides (DILPs) in Drosophila are expressed in a stage- and tissue-specific manner. Partial
ablation of the median neurosecretory cells (mNSCs) in the brain, which produce three DILPs, extends lifespan, reduces
fecundity, alters lipid and carbohydrate metabolism and increases oxidative stress resistance. To determine if reduced
expression of DILPs is causal in these effects, and to investigate possible functional diversification and redundancy between
DILPs, we used RNA interference to lower specifically the transcript and protein levels of dilp2, the most highly expressed of
the mNSC-derived DILPs. We found that DILP2 was limiting only for the increased whole-body trehalose content associated
with mNSC-ablation. We observed a compensatory increase in dilp3 and 5 mRNA upon dilp2 knock down. By manipulation
of dfoxo and dInR, we showed that the increase in dilp3 is regulated via autocrine insulin signaling in the mNSCs. Our study
demonstrates that, despite the correlation between reduced dilp2 mRNA levels and lifespan-extension often observed,
DILP2 reduction is not sufficient to extend lifespan. Nor is the increased trehalose storage associated with reduced IIS
sufficient to extend lifespan. To understand the normal regulation of expression of the dilps and any functional
diversification between them will require independent control of the expression of different dilps.
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Introduction
The insulin/IGF-like signalling (IIS) pathway, present through-
out multicellular animals [1], has functions including the
regulation of growth, development [2–5] and metabolic homeo-
stasis [6], as well as determination of adult lifespan, resistance to
stress and fecundity, in C. elegans, Drosophila and mouse [8–15].
Mutations that reduce the activity of IIS can increase lifespan in all
three organisms, often in conjunction with associated alterations in
growth, stress resistance, metabolic phenotypes and fecundity.
Identifying the precise modulations of IIS that are required for
lifespan-extension is thus important for determining which, if any,
of the associated phenotypes are either causal in extension of
lifespan or unavoidably associated with it.
Intracellular components of IIS are encoded by single genes in
the invertebrates C. elegans and Drosophila, with the exception of the
triplication of the protein kinase B, Akt, SGK-1 in C. elegans [16],
resulting in a relatively simple intracellular signalling pathway. In
contrast, mammals have several versions of the intracellular
components of IIS. On the other hand, there are multiple genes
for the insulin-like ligands in the two invertebrates, with seven
detected in the Drosophila genome [3] and 38 in C. elegans [16]. The
seven Drosophila insulin-like peptides (DILPs) are predicted to
resemble preproinsulin at the structural level, and are therefore
considered orthologous to mammalian insulin. The genes
encoding the Drosophila insulin-like peptides are independently
transcriptionally regulated in response to nutrition, as well as in a
tissue- and stage-specific manner during development [3,17].
Thus, in these invertebrates, the multiple functions of IIS may be
mediated in part by functional diversification of the ligands.
Reducing the levels of a subset of the DILPs, by ablation of
DILP2, 3 and 5-producing mNSCs in the pars intercerebralis of the
brain late in the final larval instar, leads to an array of phenotypes
including increased fasting glucose levels in the adult hemolymph,
increased storage of lipid and carbohydrate, reduced fecundity,
extension of median and maximal lifespan and increased
resistance to oxidative stress and starvation [14]. Ablation of these
cells earlier in larval development resulted in developmental delay,
growth retardation, and elevated carbohydrate levels in larval
hemolymph [4]. These findings imply that reduction in the level of
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one or more of the three DILPs produced in these cells causes this
diverse array of phenotypes, but direct proof of this, together with
information on possible functional diversification and redundancy
of the DILPs, requires direct manipulation of the levels of
individual DILPs.
Of the DILPs produced by the mNSCs, DILP2 is currently
thought to be the most important. It is the most highly expressed,
the most potent growth stimulator and over-expression of it alone
can rescue the diabetic phenotypes of mNSC-ablated larvae
[14,4,17]. Furthermore, DILP2 has been suggested to play a
prominent role in lifespan-extension by reduced IIS [18–21].
Hwangbo et al [18], and more recently Min et al [21], reported a
reduction in dilp2, but not in dilp3 and 5 mRNA, in response to
activated FOXO in head fat body, and proposed that this
reduction mediated lifespan-extension. dilp2 expression also
responds to JNK activation in the mNSCs, and the resulting
lifespan-extension was suggested to be mediated by Foxo-
dependent repression of dilp2 [19]. Bauer et al [20] showed that
expression of a dominant negative form of p53 in adult neurons
extended lifespan and reduced dilp2 transcript levels, and again
suggested that the reduction of dilp2 expression was responsible for
the increase in lifespan. However, none of these studies
experimentally manipulated dilp2 expression and nor did they
establish whether DILP protein levels were affected by the changes
in transcript level.
To test experimentally the hypothesis that a reduction in dilp2
alone produces lifespan extension, and to ascertain if other
phenotypes regulated by DILP2 could be determinants of lifespan,
we reduced dilp2 expression using RNAi specifically against dilp2
in the mNSCs, and examined the consequences for lifespan-
extension and other phenotypes associated with mNSC ablation.
We found that reducing dilp2 alone in the adult fly to a level
similar to that due to mNSC ablation and observed in the above-
mentioned studies correlating dilp2 levels and lifespan [18–21],
had no effect on lifespan, fecundity, stress resistance, hemolymph
carbohydrate levels or glycogen levels. A possible explanation of
this finding is compensation by increased expression of one or
more of the other dilps, if there can be functional redundancy
between them. Indeed, increases in dilp3 and 5 mRNA were
observed following dilp2 knock down, suggesting compensatory
regulation of dilp3 and 5. In the case of dilp3, this up-regulation
may be due to reduced IIS in the mNSCs upon dilp2 knock down
since we could show that dilp3 is up-regulated upon down
regulation of IIS via manipulation of the insulin receptor activity
and that it requires FOXO for its basal expression. Knock down of
dilp2 did, however, lead to an increase in total trehalose content of
the same magnitude as that resulting from mNSC ablation. dilp2
expression is therefore not limiting for lifespan, and it plays an
individual role only in the increase in trehalose storage among the
phenotypes affected by mNSC ablation. Furthermore, our data
show that increased trehalose storage alone is not sufficient to
extend lifespan.
Results
Targeted knock-down of dilp2 by RNAi
To examine the role of DILP2 in lifespan extension and other
phenotypes associated with mNSC ablation, we directed RNAi
specifically against dilp2 in the mNSCs–the only cells expressing
dilp2 in the adult [14; FlyAtlas, 22]. We generated two
independent insertion lines (A and B) of a UAS-dilp2RNAi
transgene and drove its expression in the mNSCs using d2GAL, a
GAL4 transgene with expression directed by a fragment of the
dilp2 promoter [17], which we have previously used to ablate the
mNSCs in the adult [14]. Relative dilp transcript levels in adult
female heads were reduced by approximately 80% of control levels
in the UAS-dilp2RNAi/d2GAL genotypes (Figure 1A), a reduc-
tion similar to that observed in mNSC-ablated flies and greater
than that due to fat body over-expression of dFOXO, JNK
activation in mNSCs, or over-expression of dominant negative p53
in mNSCs [18–21].
We confirmed that RNAi also reduced DILP2 protein levels.
We separated the protein extracts from heads on non-reducing
Tris-Tricine gels, and performed a western blot (Figure 1B) using
an anti-DILP2 antibody that specifically recognises the mNSCs
[14]. A protein of apparent molecular weight of 12 kDa was
observed in the controls but was not detectable in the mNSC-
ablated (d2GAL/UAS-rpr) flies. This protein could not have been
DILP3 or 5 since the sequence of the peptide used to generate the
anti-DILP2 antibody (CEEYNPVIPH) is unique to DILP2. DILP2
was detectable in the dilp2RNAi/d2GAL genotypes but was
reduced to approximately 10% of control levels, confirming
DILP2 knock-down. Note that the band observed corresponds in
size to pro-DILP2, and that we could not detect any processed
DILP2.
Knock-down of dilp2 results in up-regulation of dilp3 and
5, which for dilp3 may occur through reduction of insulin
signalling in the mNSCs
RNAi for dilp2 in the mNSCs could alter levels of dilp3 and dilp5,
either by knocking them down (as has been observed for an
independent dilp3 RNAi construct [21]) due to sequence
homology, or by a compensatory up-regulation of expression of
dilp3 and 5. We confirmed that the knock-down was specific to
dilp2, because no decrease in dilp3 and 5 transcripts was observed
in either line. On the contrary, we observed increased levels of
dilp3 and 5 transcripts, which were statistically significant in line B
(Figure 1A).
To investigate if these apparently compensatory increases in
dilp3 and 5 mRNA were due to an autocrine feedback loop, we
examined the levels of dilp2, 3 and 5 in flies expressing a dominant-
negative form of the Drosophila insulin receptor (UAS-InR-DN) in
the mNSCs. This dampening of the insulin signal in the mNSCs
resulted in a significant increase in dilp3 mRNA levels, paralleled
with more variable increases in dilp2 and 5 mRNA (Figure 1C).
That dilp3 transcription is regulated by insulin signalling was
further confirmed by the observation that FOXO is required for
basal levels of dilp3 expression, since dilp3 transcript was
significantly reduced in FOXO null flies (Figure 1D). Deletion of
FOXO did not, however, affect the levels of dilp2 or 5 mRNA.
Indeed, by searching for perfect matches to the mouse Foxo1/
Foxo4 consensus binding site (RWWAACA) 1 Kb upstream of the
ATG we could identify eight putative FOXO binding sites in the
dilp3 promoter compared with two and one for the dilp2 and 5
promoters, respectively. Hence, reduction in dilp2 by RNAi in the
mNSCs causes up-regulation of dilp3 and 5 transcription that, in
the case of dilp3, appears to occur via direct autocrine regulation
through the insulin signalling pathway.
dilp2RNAi/d2GAL flies are not longer-lived or less fecund
than controls
In two independent experiments, reduced dilp2 had no
significant effect on lifespan (Figure 2A, B) or fecundity
(Figure 2D, E) under standard conditions. As the response of
lifespan and dilp2 levels to fat body expression of FOXO depended
on nutrient conditions [21], we assessed the effect of increased
yeast concentration on lifespan in the dilp2RNAi and mNSC-
DILP2, Lifespan and Trehalose
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ablated flies. Lifespan was measured on food with 1.5x normal
yeast concentration (150 g/l), and again no effect of reduction of
dilp2 alone on lifespan was found, although the mNSC-ablated flies
were still longer lived than their controls (Figure 2C). The
magnitude of lifespan extensions due to mNSC-ablation in the
three experiments is within the range of those seen previously (14
and data not shown). Hence, although DILP2 was reduced to very
low levels, this reduction was not sufficient to produce the lifespan
and fecundity phenotypes of the mNSC-ablated flies, suggesting
that DILP2 levels are not limiting for these phenotypes.
Furthermore, in contrast to mNSC ablation, the reduction in
DILP2 alone had no effect on growth as indicated by adult weight
(data not shown).
dilp2RNAi/d2GAL flies are not resistant to oxidative stress
mNSC ablation results in oxidative stress resistance [14], and
DILP2 has been postulated to play a role in the response to
oxidants [19]. We therefore examined tolerance to H2O2 and
found that, while the mNSC-ablated flies were resistant, the
dilp2RNAi/d2GAL flies were not (Figure 3A and B). Hence, the
reduction in DILP2 alone was not sufficient to increase tolerance
to oxidative stress. It should be noted that the mNSC-ablated flies
were not resistant to paraquat in the current study (data not
shown) although they had been shown previously to be resistant to
this oxidant [14]. This difference may have resulted from the
change in the food used for fly rearing and experiments, as is
discussed further below.
The stored glycogen, lipid and fasting hemolymph
carbohydrate phenotypes of the mNSC-ablated flies are
not affected by dilp2RNAi, but dilp2RNAi flies do contain
higher levels of stored trehalose
We previously showed that mNSC-ablated flies exhibited
generally higher levels of stored energy (trehalose, glycogen and
lipid) and an altered profile of adult, fasting, circulating
carbohydrates compared with controls [14]. Neither fasting
hemolymph trehalose and glucose levels in adults and larvae nor
glycogen levels in adult whole body extracts were increased in the
dilp2RNAi/d2GAL genotypes (Figure 4A, B, and D). Reduction
in DILP2 alone was therefore not sufficient to raise hemolymph
carbohydrate or stored glycogen levels. The reduction in DILP2
alone was, however, sufficient to raise levels of stored trehalose
similarly to that due to mNSC ablation. The dilp2RNAi/d2GAL
genotypes were found to contain significantly higher levels of
trehalose in whole body extracts relative to body mass than
controls (Figure 4C). The total volume of hemolymph in an adult
fly is extremely small, approximately 0.1 ml [23], such that the
contribution of any hemolymph trehalose to the total trehalose
content can be regarded as negligible. Thus, reduction in DILP2
alone was sufficient to increase total fly trehalose by the same
Figure 1. Characterization of DILP2 knock-down in UAS-dilp2RNAi/d2GAL flies. The effect of UAS-dilp2RNAi driven by d2GAL in the
mNSCs on dilp expression in 7 day old adult female heads was measured by quantitative RT-PCR and Western blot analysis. (A) dilp 2, 3 and 5 relative
transcript levels in dilp2RNAi/d2GAL and control female heads. (B) Western blot analysis of DILP2 (top panel) or the tubulin loading control (bottom
panel) in total head protein extracted from females of the indicated genotype. (C) dilp 2, 3 and 5 relative transcript levels in d2GAL/UAS-InRDN and
control female heads. (D) dilp 2, 3 and 5 relative transcript levels in a FOXO null mutant (FOXO21/25) and control female heads. (A, C and D): data are
shown as mean relative expression6SEM (N= 5), * denotes significant difference to controls (P,0.05).
doi:10.1371/journal.pone.0003721.g001
DILP2, Lifespan and Trehalose
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magnitude as mNSC ablation, suggesting that the increase in total
trehalose observed in the mNSC-ablated flies may be mediated
solely by the reduction in DILP2.
Although unlikely, it was possible that the activation of the
RNAi machinery itself in the mNSCs due to expression of our
dilp2RNAi transgene may have had an effect on trehalose
metabolism. We therefore measured the effect of expression of
UAS-GFP-RNAi driven by d2GAL in the mNSCs and confirmed
that trehalose levels were not affected (Figure S1), further
supporting the conclusion that it was the reduction in DILP2 that
was causal in the increased trehalose phenotype.
It should be noted that the increase in lipid observed previously
due to mNSC-ablation [14] was not observed in the current study
in the mNSC-ablated or dilp2RNAi flies (Figure 4E). In addition,
the increased hemolymph sugar phenotype of the mNSC-ablated
flies was slightly different to that seen previously (Figure 4A). The
alteration of these metabolic phenotypes may be due to the yeast
used or the sucrose content in the food for the current
experiments, both of which have been optimised for lifespan
measurements [24]. The yeast used in this study is from a different
supplier than that used previously, and the nutritional make-up of
yeasts from different suppliers varies greatly resulting in different
effects on lifespan and fecundity [24]. The metabolic phenotypes
in the ablated flies appear to be sensitive to the nutrient content of
the food, and the same may account for the loss of the paraquat
resistance phenotype in the mNSC-ablated flies, where differences
in the total antioxidant activity of the yeasts may have resulted in a
difference in paraquat tolerance.
dilp2RNAi/d2GAL flies display a very slight starvation
resistance
The increase in whole body trehalose content observed on
DILP2 reduction and the fact that the mNSC-ablated flies are
starvation resistant [14] prompted us to examine the starvation
sensitivity of the dilp2RNAi flies. In the current study, the mNSC-
ablated flies (UAS-rpr/d2GAL) were again consistently long-lived
displaying a 24% to 47% increase in median lifespan over controls
in three starvation trials (P,0.0001). The dilp2RNAi/d2GAL
genotypes both displayed a small extension of median, but not
maximum, lifespan in two out of three starvation trials (Figure 3).
The dilp2RNAiA/d2GAL genotype showed a significant increase
in median lifespan in trial 1 (Figure 3D, 4.25% greater than
Figure 2. dilp2RNAi/d2GAL mated females are not long-lived or less fecund than controls. Survival curves, median lifespans, percentage
increase compared to control, and sample sizes are as follows. (A): Experiment 1. Median lifespan of: UAS-rpr/d2GAL= 75 days (13.6% increase over
UAS-rpr/+ & d2GAL/+ controls, P,0.0001), N = 69; UAS-dilp2RNAiA/d2GAL= 67 days, N= 71; UAS-dilp2RNAiA/+= 66 days, N= 36; UAS-dilp2RNAiB/
d2GAL= 66 days, N= 130; UAS-dilp2RNAiB/+= 60 days, N = 92; UAS-rpr/+=66 days, N= 110; and d2GAL/+= 66 days, N= 61. (B) Experiment 2. Median
lifespan of: UAS-rpr/d2GAL= 81 days (19% increase over UAS-rpr/+ control, P,0.0001), N = 155; UAS-dilp2RNAiA/d2GAL= 76 days, N= 157; UAS-
dilp2RNAiA/+=73 days, N= 137; UAS-dilp2RNAiB/d2GAL= 71 days, N = 145; UAS-dilp2RNAiB/+= 69 days, N= 129; UAS-rpr/+= 68 days, N = 139; and
d2GAL/+= 64 days, N= 153. (C) Experiment 3. Median lifespan of: UAS-rpr/d2GAL= 73 days (12% increase over d2GAL/+ control, P,0.0001), N = 153;
UAS-dilp2RNAiA/d2GAL= 68 days, N= 180; UAS-dilp2RNAiA/+= 67 days, N= 166; UAS-dilp2RNAiB/d2GAL= 65 days, N= 179; UAS-dilp2RNAiB/+= 67
days, N= 175; UAS-rpr/+= 59 days, N= 149; and d2GAL/+= 65 days, N= 169. (D) Fecundity of females from experiment 1 shown in (A). (E) Fecundity
of females from experiment 2 shown in (B). Data are shown as mean number of eggs laid per female per day6SEM.
doi:10.1371/journal.pone.0003721.g002
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Figure 3. Survival of dilp2RNAi/d2GAL female flies under oxidative stress and starvation. Survival curves, median lifespans, percentage
increase compared to control, and sample sizes of 7 day old mated females are as follows: (A) Experiment 1 on 5% H2O2. Median lifespans (in days) of:
UAS-rpr/d2GAL= 4.04, N= 104, (34% increase over d2GAL/+ control, P,0.0001); UAS-dilp2RNAiA/d2GAL= 3.25, N= 102; UAS-dilp2RNAiA/+= 3.25,
DILP2, Lifespan and Trehalose
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d2GAL/+ control, P,0.0001) and in trial 2 (Figure 3G, 19.5%
greater, P= 0.0041). In trial 3 there was no significant difference to
controls (Figure 3J). The dilp2RNAiB/d2GAL genotype showed a
significant increase in median lifespan in trial 1 (Figure 3E, 4.25%
greater than d2GAL/+ control, P,0.0004) and in trial 3
(Figure 3K, 23% greater than d2GAL/+ control, P,0.0001). In
trial 2 there was no significant difference to controls (Figure 3H).
Although the effect was small and variable, it suggests that a
decrease in DILP2 may partially mediate starvation resistance due
to mNSC ablation.
Figure 4. The effect of dilp2RNAi expression in mNSCs on hemolymph glucose and trehalose levels, and whole-body trehalose,
glycogen and lipid content. (A) Hemolymph glucose and trehalose concentrations in 7 day old mated females, maintained on standard food with
100 g/l of sugar and fasted on 1% agar for 5 hours prior to testing. N = 10 for each genotype. (B) Hemolymph glucose and trehalose concentrations in
third instar wandering larvae that developed on standard food with 100 g/l of sugar: UAS-rpr/d2GAL (N= 7), UAS-dilp2RNAiA/d2GAL (N= 7), UAS-
dilp2RNAiA/+ (N= 5), UAS-dilp2RNAiB/d2GAL (N= 6), UAS-dilp2RNAiB/+ (N = 6), UAS-rpr/+ (N = 5) and d2GAL/+ (N= 6). (C) Whole-fly trehalose content
per mg of fly (fresh weight). UAS-rpr/d2GAL (N= 20), UAS-dilp2RNAiA/d2GAL (N= 20), UAS-dilp2RNAiA/+ (N = 10), UAS-dilp2RNAiB/d2GAL (N= 20),
UAS-dilp2RNAiB/+ (N= 10), UAS-rpr/+ (N = 10) and d2GAL/+ (N= 20). (D) Glycogen content per mg of fly (fresh weight), N = 21. (E) Lipid content per
mg of fly (fresh weight), N = 17. In all panels, data are shown as mean6SEM, * indicates significant difference to appropriate controls (P,0.05).
doi:10.1371/journal.pone.0003721.g004
N=100; UAS-dilp2RNAiB/d2GAL= 3.25, N = 77; UAS-dilp2RNAiB/+=2.9, N= 79; UAS-rpr/+=3.01, N= 82; and d2GAL/+=3.01, N= 98. (B) Experiment 2
on 5% H2O2. Median lifespans (in days) of: UAS-rpr/d2GAL= 3.85, N= 77, (15.6% increase over d2GAL/+ control, P,0.0001); UAS-dilp2RNAiA/
d2GAL= 3.21, N = 83; UAS-dilp2RNAiA/+= 3, N= 96; UAS-dilp2RNAiB/d2GAL= 3.33, N= 58; UAS-dilp2RNAiB/+= 3.21, N= 84; UAS-rpr/+=3.21, N = 91;
and d2GAL/+= 3.33, N= 87. (C–E) Experiment 1 on 1% agar. Median lifespans (in days) of: UAS-rpr/d2GAL (mNSC-ablated) = 5.9, N = 120, (47.5%
increase over UAS-rpr/+ & d2GAL/+ controls, P,0.0001); UAS-dilp2RNAiA/d2GAL= 4.17, N= 112, (4.25% increase over UAS-Dilp2RNAiA/+ control,
P,0.0001); UAS-dilp2RNAiA/+=4, N = 115; UAS-dilp2RNAiB/d2GAL= 4.17, N= 98, (4.25% increase over d2GAL/+ control, P = 0.0004); UAS-dilp2RNAiB/
+= 3.86, N= 117; UAS-rpr/+=4, N= 116; and d2GAL/+= 4, N = 117. (F–H) Experiment 2 on 1% agar, Median lifespans (in days) of: UAS-rpr/
d2GAL= 6.2, N= 91, (25% increase over UAS-rpr/+ control, P,0.0001); UAS-Dilp2RNAiA/d2GAL = 4.96, N = 94, (19.5% increase over UAS-dilp2RNAiA/+
control, P = 0.0041); UAS-dilp2RNAiA/+=4.15, N = 91; UAS-dilp2RNAiB/d2GAL = 4.15, N = 88; UAS-dilp2RNAiB/+= 3.96, N= 91; UAS-rpr/+=4.96, N = 98;
and d2GAL/+= 3.96, N = 98. (I–K) Experiment 3 on 1% agar, Median lifespans (in days) of: UAS-rpr/d2GAL= 4.85, N= 89, (24% increase over UAS-rpr/+
control, P,0.0001); UAS-dilp2RNAiA/d2GAL= 3.25, N = 85; UAS-dilp2RNAiA/+=3.17, N = 94; UAS-dilp2RNAiB/d2GAL= 3.9, N= 76, (23% increase over
d2GAL/+ control, P,0.0001); UAS-dilp2RNAiB/+= 3.06, N= 76; UAS-rpr/+= 3.9, N= 85; and d2GAL/+= 3.17, N= 82.
doi:10.1371/journal.pone.0003721.g003
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Discussion
dilp2 is the most highly expressed of the mNSC-derived dilps,
and several studies have indicated its functional significance and
the prominent role it may play in mediating lifespan-extension due
to reduced IIS [18–21], prompting us to investigate the role of
DILP2 directly. We were successful in specifically reducing both
the levels of RNA and protein, and found that DILP2 levels were
limiting for only one of the phenotypes resulting from mNSC
ablation, increased whole body trehalose content. It remains quite
possible that the lifespan extensions due to the FOXO, JNK or
p53 manipulations [18–21] were mediated by reductions in one or
more of DILPs 2, 3 and 5, because the context in which the level
of dilp2 was lowered was different in each case. This could, for
instance, have resulted in different levels of transcript for other
dilps or different states of the intracellular IIS pathway. Our
findings do show clearly, however, that neither reduction in dilp2
RNA and DILP2 protein expression alone nor increased trehalose
storage alone is sufficient to extend lifespan.
Of the phenotypes observed on mNSC-ablation, we found that
reduction in DILP2 had an effect only on whole body trehalose
levels. This result could indicate that reduction in DILP2 per se is
required for increased stored tehalose upon mNSC-ablation.
Alternatively, if there is functional redundancy between the 3
DILPs produced in the mNSCs, it is possible that trehalose storage
is the most sensitive of the phenotypes to a reduction in the overall
expression of DILPs in the mNSCs. The compensation that we
observed in transcript levels of dilps 3 and 5 upon reduction in dilp2
transcript may not be sufficient to bring overall dilp transcript
levels in the mNSCs back to normal, because dilp2 is much more
highly expressed than the other two [14,18]. Similar arguments
apply to the lack of effect of reduction in DILP2 levels on the other
phenotypes associated with mNSC-ablation. Because of the
compensation in dilps 3 and 5, the result could indicate that there
is functional redundancy between DILPs and that there was
insufficient reduction in overall DILP levels for these phenotypes
to appear. Consistent with redundancy, while we have shown that
DILP2 levels are not limiting for the hemolymph carbohydrate
phenotype (Figure 3), over-expression of dilp2 alone can rescue the
growth and hemolymph carbohydrate phenotypes due to early
ablation of the mNSCs [4]. Alternatively DILP2 may not be
involved in producing these phenotypes when the mNSCs are
ablated, other than the increased whole body trehalose. To
determine which interpretation is correct would require indepen-
dent manipulation to varying degrees of the different dilps.
The increases in dilp3 and 5 transcripts when dilp2 is knocked
down suggest that there may be compensatory increases in DILP3
and 5 proteins. It is interesting in this respect that our data show that
dilp3 is the only dilp in the mNSCs whose expression is sensitive to
reduced insulin signaling in these cells, implicating an autocrine
feedback loop. The other two dilps may be regulated in response to
other signals, such as nutritional status in the case of dilp5 [21].
Hence, different dilps may be produced in response to different
intrinsic/extrinsic stimuli but once produced function redundantly.
A specific role for DILP2 in trehalose metabolism raises the
possibility of distinct roles for DILPs 3 and 5 in one or more of the
phenotypes of the ablated flies, including lifespan. Although all
seven DILPs are capable of promoting growth [3] and thus acting
redundantly in this circumstance, the phenotypes resulting from a
lowering of a subset of the DILPs [2, 3 and 5] despite the persistence
of the remaining ligands suggests at least some functional specificity
among them. This notion is supported by the finding that the
abolition of sexual dimorphism in locomotor behaviour, which is a
consequence of mNSC ablation in males, unlike growth or
hemolymph sugars, cannot be rescued by injection or over-
expression of DILP2 alone [25]. In addition, Drosophila p70/S6
kinase in the mNSCs mediates hunger regulation of feeding
behavior in larvae, and over-expression of DILPs 2 and 4, but not
DILP3, suppresses this hunger-driven behavior [26]. The specificity
of the DILPs may be determined by their biochemical properties,
regulation of their synthesis as well as their sites of release.
The physiological role of the regulation of trehalose metabolism is
not known. Increased whole-body trehalose has been correlated
with resistance to anoxia [27]. We, however, could not observe such
resistance in the DILP2-knock-down lines or the mNSC-ablated
flies (data not shown). The increased trehalose in the dilp2RNAi/
d2GAL flies correlated with a slight increase in resistance to
starvation, indicating that these trehalose stores play, if any, only a
minor part in starvation tolerance. Furthermore, this observation
also indicates that the starvation resistance of the mNSC-ablated
flies does not stem from the increased whole-body trehalose. These
data are consistent with a recent finding that Drosophila ARC
protein, which is expressed in the dilp-producing mNSCs, is a
regulator of behavioural responses to starvation but is not a general
regulator of insulin signalling [28]. Mutants are starvation resistant
likely due to their loss of normal starvation induced hyperlocomo-
tion. It is therefore possible that the mNSC-ablated flies are
starvation resistant predominantly because of a reduction in ARC,
and the slight effect on starvation resistance following DILP2 knock
down in the dilp2RNAi flies may be due to an alteration of
metabolic rates and the consumption and distribution of energy
sources, of which increased whole body trehalose may be a sign.
Further investigation of putative specific roles of the individual
DILPs, which awaits production of specific mutants or effective
RNAi against dilps 3 and 5,may shed light on the links between the
different aspects of fly physiology they control. However, our
finding that DILP2 levels are not limiting for lifespan, fecundity
and stress resistance clearly demonstrates that we need to change
our thinking about how dilps regulate lifespan and other traits, and
we need direct experimental manipulation to address this issue.
Materials and Methods
Fly Stocks and Maintenance
The control whiteDahomey background stock, UAS-reaper and dilp2-
GAL are described in [14]. Briefly, the UAS-reaper (rpr) transgene
encodes the proapoptotic gene reaper and its expression under the
control of GAL4 leads to cell death. The dilp2-GAL line is designated
d2GAL and is specifically expressed in the mNSCs. Thus, d2GAL
driven expression of UAS-rpr leads to ablation of the mNSCs. Two
independent lines of UAS-dilp2RNAi (described below) were back
crossed at least 6 times intowDah. UAS-GFP-RNAi was obtained from
Bloomington stock centre. FOXO21, FOXO25 and yw are described
in [29]. UAS-InRDN is described in [26] and was backcrossed into the
wDah background. Stocks were maintained and experiments conduct-
ed at 25uC on a 12h:12h light:dark cycle at constant humidity using
standard sugar/yeast medium [24].
Generation of UAS-dilp2RNAi constructs
Reactions were performed using Expanded High Fidelity Taq
polymerase (Roche) on cDNA. A 400 bp fragment encompassing the
whole of the dilp2 sequence was obtained by PCR reaction whose
DNA template was EST GH11579 (Fly Base). The PCR primers
were: dilp2 forward (59-ATGAGCAAGCCTTTGTCCTTC-39),
dilp2 reverse (59-GACCACGGAGCAGTACTCCC-39). To con-
struct the inverted repeat, the ‘‘forward’’ fragment was firstly
subcloned into BlueScriptII (Stratagene). The second fragment was
inserted into the multi cloning site in the reverse orientation directly
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beside the ‘‘forward’’ fragment. As such direct reverse repeat
sequences frequently tend to recombine within the two fragments
in E. coli, we used SURE2 competent cells (Stratagene) to prevent
recombination. The direct inverted repeat transgene was finally
subcloned into the fly transformation vector pUAST. Purified UAS-
dilp2RNAi construct was co-injected into yw eggs with pD2-3 helper
plasmid using standard procedures. A single transformant line driven
by d2GAL resulted in only a 60% reduction in dilp2 transcript (data
not shown). The construct was mobilised by crossing to a transposase
expressing D2-3Sb line. The dilp levels in adult heads of nine
independent insertion lines driven by d2GAL were analysed by RT-
QPCR. Two lines chosen (UAS-dilp2RNAi A&B) gave 80%
reduction in dilp2.
Western Blots
Heads obtained from 40 females were homogenised in 20 ml of
50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EGTA, 10%
glycerol, 1% SDS and protease inhibitor cocktail (Sigma). Extracts
were cleared by centrifugation and protein content determined
with Bradford assay. 20 mg of total protein was separated on either
16% polyacrilamide Tris-Tricine-SDS gels as described in [30] for
DILP2, or 12% Tris-Glycine-SDS gels for tubulin. The proteins
were transferred to nitrocellulose membranes and probed for
DILP2 (1:5000, 15) or tubulin (1:3500, monoclonal mouse clone
DM1A, Sigma). The blots were revealed with HRP-conjugated
secondary antibody and ECL reagent (Amersham).
Quantitative RT-PCR
dilp transcript levels were measured as in [14], except SYBR
Green master mix (Applied Biosystems) was used and five
independent head RNA extractions performed per genotype.
Lifespan
Procedures for lifespan studies were as described in [8] and [31].
Lifespan was measured in flies kept at 10/vial on standard food
medium [24] and transferred to new food twice weekly. Deaths
were scored 5 to 6 times in every 7 days.
Fecundity
Fecundity of females in lifespan experiments was measured as
described in [14]. Data are reported as the mean number of eggs
laid per day per female6SEM over each 2 or 3 day period.
Stress Tests
Mated females were generated and maintained as for lifespans.
Survival of 100 females per genotype was measured on: (a) 5%
hydrogen peroxide in 1.5% agar, 5% sucrose (oxidative stress), (b)
1% agar (starvation).
Trehalose and Glucose Measurement
Flies were generated and maintained on 100 g/l sugar in
standard lab food. Hemolymph was collected and pooled from
either 12 adult flies after a 5 hour starvation by decapitation and
centrifugation or from 5 late third instar wandering larvae. Glucose
and trehalose in 1 ml of pooled liquid was measured as described in
[14]. Whole fly trehalose was measured as described in [32] using
the glucose assay above. Data are reported as mean6SEM.
Lipid and Glycogen measurements
The glycogen and lipid contents of two adult female flies were
measured 7 days post-eclosion as described in [33,14]. Data are
expressed relative to fresh body weight and reported as mean6-
SEM.
Statistical analyses
Statistical analyses were performed using JMP (version 7) software
(SAS Institute). Lifespan and stress data were subjected to survival
analysis (Log Rank tests) and presented as survival curves. Other data
were tested for normality using the Shapiro-Wilk W test on
studentised residuals [34] and where appropriate log-transformed.
One-way analyses of variance (ANOVA) were performed and
planned comparisons of means were made using Tukey-Kramer
HSD test. Data are presented as means of raw values6 SEM, *
denotes significant difference from controls (P,0.05).
Identifying putative FOXO binding sites in dilp2, 3 and 5
promoters
The analysis was performed using Regulatory Sequence
Analysis Tools [35] and perfect matches to the mouse Foxo1/
Foxo4 binding sites [RWWAACA; 36] identified within 1 kb
upstream of the ATG codon in dilp2, 3 or 5.
Supporting Information
Figure S1 The effect of expression of a UAS-GFP RNAi
transgene driven by d2GAL in the mNSCs on whole body
trehalose content. Whole-fly trehalose content per mg of fly (fresh
weight). N= 20 for all genotypes. There were no significant
differences between genotypes showing that the trehalose pheno-
type of the dilp2RNAi flies was not due to non-specific effects of
the RNAi machinery in the mNSCs.
Found at: doi:10.1371/journal.pone.0003721.s001 (0.46 MB TIF)
Acknowledgments
We thank M. Piper and J. Jacobson for experimental assistance and M.
Piper and M. Hodges for a critical reading of the manuscript.
Author Contributions
Conceived and designed the experiments: SB NA EH LP. Performed the
experiments: SB NA CS TB GV AMT YD. Analyzed the data: SB NA CS
TB. Contributed reagents/materials/analysis tools: TI EH. Wrote the
paper: SB NA LP.
References
1. Skorokhod A, Gamulin V, Gundacker D, Kavsan V, Muller IM, et al. (1999)
Origin of insulin receptor-like tyrosine kinases in marine sponges. Biol Bull 197:
198–206.
2. Butler AA, Le Roith D (2001) Control of growth by the somatropic axis: growth
hormone and the insulin-like growth factors have related and independent roles.
Annu Rev Physiol 63: 141–164.
3. Brogiolo W, Stocker H, Ikeya T, Rintelen F, Fernandez R, et al. (2001) An
evolutionarily conserved function of the Drosophila insulin receptor and insulin-
like peptides in growth control. Curr Biol 20;11: 213–221.
4. Rulifson EJ, Kim SK, Nusse R (2002) Ablation of insulin-producing neurons in
flies: growth and diabetic phenotypes. Science 296: 1118–1120.
5. Kimura KD, Tissenbaum HA, Liu Y, Ruvkun G (1997) daf-2, an insulin
receptor-like gene that regulates longevity and diapause in Caenorhabditis
elegans. Science 277: 942–946.
6. Saltiel AR, Kahn CR (2001) Insulin signalling and the regulation of glucose and
lipid metabolism. Nature 414: 799–806.
7. Lithgow GJ, White TM, Melov S, Johnson TE (1995) Thermotolerance and
extended life-span conferred by single-gene mutations and induced by thermal
stress. Proc Natl Acad Sci U S A 92: 7540–7544.
8. Clancy DJ, Gems D, Harshman LG, Oldham S, Stocker H, et al. (2001)
Extension of life-span by loss of CHICO, a Drosophila insulin receptor substrate
protein. Science 292: 104–106.
DILP2, Lifespan and Trehalose
PLoS ONE | www.plosone.org 8 November 2008 | Volume 3 | Issue 11 | e3721
9. Holzenberger M, Dupont J, Ducos B, Leneuve P, Geloen A, et al. (2003) IGF-1
receptor regulates lifespan and resistance to oxidative stress in mice. Nature 421:
182–187.
10. Liang H, Masoro EJ, Nelson JF, Strong R, McMahan CA, et al. (2003) Genetic
mouse models of extended lifespan. Exp Gerontol 38: 1353–1364.
11. Nelson DW, Padgett RW (2003) Insulin worms its way into the spotlight. Genes
Dev 17: 813–818.
12. Tatar M, Bartke A, Antebi A (2003) The endocrine regulation of aging by
insulin-like signals. Science 299: 1346–1351.
13. Partridge L, Gems D (2002) Mechanisms of ageing: public or private? Nat Rev
Genet 3: 165–175.
14. Broughton SJ, Piper MD, Ikeya T, Bass TM, Jacobson J, et al. (2005) Longer
lifespan, altered metabolism and stress resistance in Drosophila from ablation of
cells making insulin-like ligands. Proc Natl Acad Sci U S A 102(8): 3105–10.
15. Dorman JB, Albinder B, Shroyer T, Kenyon C (1995) The age-1 and daf-2
genes function in a common pathway to control the lifespan of Caenorhabditis
elegans. Genetics 141: 1399–1406.
16. Pierce SB, Costa M, Wisotzkey R, Devadhar S, Homburger SA, et al. (2001)
Regulation of DAF-2 receptor signaling by human insulin and ins-1, a member
of the unusually large and diverse C. elegans insulin gene family. Genes Dev 15:
672–686.
17. Ikeya T, Galic M, Belawat P, Nairz K, Hafen E (2002) Nutrient-dependent
expression of insulin-like peptides from neuroendocrine cells in the CNS
contributes to growth regulation in Drosophila. Curr Biol 12: 1293–1300.
18. Hwangbo DS, Gersham B, Tu MP, Palmer M, Tatar M (2004) Drosophila
dFOXO controls lifespan and regulates insulin signalling in brain and fat body.
Nature 429: 562–566.
19. Wang MC, Bohmann D, Jasper H (2005) JNK extends life span and limits
growth by antagonizing cellular and organism-wide responses to insulin
signaling. Cell 121(1): 115–25.
20. Bauer JH, Chang C, Morris SN, Hozier S, Andersen S, et al. (2007) Expression
of dominant-negative Dmp53 in the adult fly brain inhibits insulin signaling.
Proc Natl Acad Sci U S A 104(33): 13355–60.
21. Min K-J, Yamamoto R, Buch S, Pankratz M, Tatar M (2008) Drosophila lifespan
control by dietary restriction independent of insulin-like signaling. Aging Cell
7(2): 199–206.
22. Chintapalli VR, Wang J, Dow JAT (2007) Using FlyAtlas to identify better
Drosophila models of human disease. Nature Genetics 39: 715–720.
23. Folk DG, Bradley TJ (2004) The evolution of recovery from desiccation stress in
laboratory-selected populations of Drosophila melanogaster. J Exp Biol 207(Pt
15): 2671–8.
24. Bass TM, Grandison RC, Wong R, Martinez P, Partridge L, et al. (2007)
Optimization of dietary restriction protocols in Drosophila. J Gerontology 62:
1071–1081.
25. Belgacem YH, Martin JR (2006) Disruption of insulin pathways alters trehalose
level and abolishes sexual dimorphism in locomotor activity in Drosophila.
J Neurobiol 66(1): 19–32.
26. Wu Q, Zhang Y, Xu J, Shen P (2005) Regulation of hunger-driven behaviors by
neural ribosomal S6 kinase in Drosophila. Proc Natl Acad Sci U S A 102(37):
13289–13294.
27. Chen Q, Ma E, Behar KL, Xu T, Haddad GG (2002) Role of trehalose
phosphate synthase in anoxia tolerance and development in Drosophila
melanogaster. J Biol Chem 277(5): 3274–9.
28. Mattaliano MD, Montana ES, Parisky KM, Littleton JT, Griffith LC (2007) The
Drosophila ARC homolog regulates behavioral responses to starvation. Mol Cell
Neurosci 36(2): 211–21.
29. Junger MA, Rintelin F, Stocker H, Wasseman JD, Vegh M, et al. (2003) The
Drosophila Forkhead transcription factor FOXO mediates the reduciton in cell
number associated with reduced insulin signalling. J Biol 2(3): 20.
30. Schagger H (2006) Tricine-SDS-PAGE. Nat Protoc 1(1): 16–22.
31. Mair W, Goymer P, Pletcher SD, Partridge L (2003) Demography of dietary
restriction and death in Drosophila. Science 301: 1731–1733.
32. Parrou JL, Francois J (1997) A simplified procedure for a rapid and reliable assay
of both glycogen and trehalose in whole yeast cells. Anal Biochem 248: 186–188.
33. van Handel E (1965) Microseparation of glycogen, sugars, and lipids. Ana
Biochem 11: 266–271.
34. Sokal RR, Rohlf FJ (1998) Biometry. New York: W.H. Freeman.
35. van Helden J (2003) Regulatory sequence analysis tools. Nucleic Acids Res
31(13): 3593–6.
36. Biggs WH 3RD, Cavenee WK, Arden KC (2001) Identification and
characterization of members of the FKHR (FOX O) subclass of winged-helix
transcription factors in the mouse. Mamm Genome 12(6): 416–425.
DILP2, Lifespan and Trehalose
PLoS ONE | www.plosone.org 9 November 2008 | Volume 3 | Issue 11 | e3721
